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Introduction
Biogas is the gaseous product of anaerobic digestion (AD), a biological process in which microorganisms break down biodegradable material in the absence of oxygen. Biogas is comprised primarily of methane (CH4) and carbon dioxide (CO2) with trace amounts of other compounds. It can be produced from many sources including landfills, animal manure, wastewater treatment plants (WWTPs), and waste from the food-processing industry. It can also be produced from lignocellulosic material (e.g., crop residues and dedicated energy crops) through "dry" fermentation, co-digestion with other liquid waste material, or thermochemical means (e.g. gasification). Biogas can be used to generate electricity, and when upgraded, it can substitute for fossil natural gas and be used as a transportation fuel in the form of compressed or liquefied renewable natural gas. Additionally, biogas can be used to make plastics precursors.
Another area of interest is using biogas as a source for renewable hydrogen, which can power fuel cell electric vehicles (FCEVs). Hydrogen-powered FCEVs emit no tailpipe emissions other than water and are a clean transportation alternative to gasoline vehicles (Saur and Milbrandt 2014) . In the United States, most hydrogen is currently produced by steam methane reforming (SMR) of natural gas. This SMR technology can also use purified biogas, or biomethane, as a natural gas substitute to provide a renewable source of hydrogen. Producing hydrogen from biomethane can contribute to energy security through the use of domestic sources, reduce demand for fossil fuels, and support state and local clean energy initiatives.
This analysis provides an overview of the market for biogas-derived hydrogen and its use in transportation applications. It examines the current hydrogen production technologies from biogas, capacity and production, infrastructure, and potential and demand, as well as key market areas. It also estimates the production cost of hydrogen from biogas and provides supply curves at national and point source levels.
Overview of Hydrogen Supply via Biogas Pathways
Biogas is produced from a broad range of organic sources, typically via AD, but also through thermal processes such as gasification. Figure 1 indicates hydrogen supply options within the context of other biogas pathways, with biomass energy resources on the left following two general pathways: 1) conversion to biomethane for onsite utilization in compressed natural gas (CNG) vehicles, pipeline injection, hydrogen production via SMR, and use in tri-generation fuel cells 1 , or 2) conversion to processed solids for use in gasification or electricity production systems. Solids such as agricultural residues and some municipal solid waste (MSW) streams (e.g., yard trimmings) can also be inputs for co-digestion systems, and can improve the overall environmental performance of the resulting biogas system on a life cycle basis (Poeschl et al. 2012) . Purification of the biogas produced from AD involves removal of water, hydrogen sulfide (H2S), hydrocarbons, and other impurities, while upgrading to biomethane involves removing CO2 to increase calorific content. Examples of particular constituents of concern for purification are reviewed in the biomethane standards for pipeline injection from the California Public Utilities Commission (CPUC 2014) . Depending upon the source, biogas may contain 15-60% CO2 while typical natural gas pipeline applications require less than 3% CO2 content (Ryckesbosch et al. 2011) . Once injected into natural gas pipelines, biomethane can be compressed and dispensed to CNG vehicles, liquefied for use in liquid natural gas (LNG) vehicles, distributed to conventional natural gas demands, or converted to hydrogen for FCEVs. More complete discussions of biogas systems and pathway components can be found in Poeschl et al. (2010) and Deublein and Steinhauser (2011) .
Biomethane can also be used directly in SMR units for hydrogen production, with hydrogen delivery and dispensing infrastructure requirements dependent upon the logistics of biomethane production and hydrogen demand. This pathway is a primary focus of the present study. Biomethane can also be used for (onsite) electricity production in conventional generators or stationary fuel cells, with heat recovery improving the energy balance of biogas production (Poeschl et al. 2012) . Use in molten carbonate tri-generation fuel cells results in hydrogen, electricity, and heat, which is the second key hydrogen pathway addressed in the present study.
Processed biomass solids can also be converted to electricity directly in conventional combustion devices, or to hydrogen directly by way of gasification. Gasification systems generate a syngas product (primarily hydrogen and carbon monoxide) that can be converted to hydrogen or to biomethane by way of methanation, and can also generate electricity as a byproduct (Saxena et al. 2008) . The resulting hydrogen can be used in fuel cell vehicles, or the resulting biomethane can be injected into natural gas pipeline systems, though mixing of hydrogen into natural gas pipelines (not shown in Figure 1 ) is also an option . Direct gasification of biomass-to-hydrogen is interesting from a technical and market potential perspective, but this pathway is not within the scope of the present study.
Market Status
Resource Potential
The hydrogen potential from biogas is estimated at about 4.2 million tonnes per year, but only half of that is considered to be available given other uses of biogas, namely as a source of electricity (Saur and Milbrandt 2014) . Landfills provide the largest source of biogas for hydrogen (from both a total perspective as well as the current net availability), followed by WWTPs, animal manure, and wastes from the food-processing industry. To put this potential in perspective, the United States produces over 9 million tonnes of hydrogen per year (NAS 2013) and projected hydrogen demand for FCEVs in 2030 is about 15 million tonnes, sufficient to fuel 60 million vehicles or 20% of the US light duty vehicles fleet (ANL 2005) . Figure 2 illustrates the estimated hydrogen potential from biogas sources by state. California has the highest potential given the state's many WWTPs, dairy operations, and food-processing facilities. 
Current Capacity and Production
Most WWTPs already have anaerobic digesters onsite, and thus they are often considered the "low-hanging fruit" in biogas utilization. There are several WWTPs using biogas-powered fuel cells to produce electricity and offset grid purchases (Table 1) . However, as of summer 2014, only one demo plant was producing hydrogen to power fuel cell vehicles, located at the Orange County Sanitation District's WWTP in Fountain Valley, California. The system produces approximately 100 kg of hydrogen per day and refuels between 25 and 50 FCEVs per day (U.S. DOE 2011). In addition to hydrogen, the fuel cell produces electricity and heat, making it a trigeneration system. It is expected that as more fuel cells come online, growing demand for sustainable fuel will stimulate growth in capacity of biogas-derived hydrogen to power FCEVs. 
Infrastructure
At present, the hydrogen fuel station network and FCEVs fleet are in an early demonstration phase. As of July 2014, there were about 12 operational publicly accessible hydrogen fueling stations (AFDC 2014). One is located in Connecticut, another one in South Carolina, and the rest are in California. There are about 40 operational private hydrogen stations owned by auto manufacturers and federal, state, or local governments (AFDC 2014). While these private stations are fairly equally distributed across the country, a few clusters exist in California, New York and Michigan. About 48 hydrogen stations are in the planning phase and almost all are in California.
Since 2009, several vehicle manufacturers have made prototypes and demonstration light-duty hydrogen vehicles. Test vehicles are also available in limited numbers to select organizations with access to hydrogen fueling stations (AFDC 2014). In early 2014, Hyundai began leasing its Tucson FCEV in southern California making use of the clusters of hydrogen fueling stations. Toyota is introducing their first mass-market fuel cell vehicle, the Mirai, in fall 2015.
Key Markets
California is emerging as a key area in the biogas-to-hydrogen market. Not only does the state have the highest hydrogen potential from biogas-it also has existing infrastructure and favorable policies to support further development of this industry. California has been a U.S. leader in developing hydrogen infrastructure in preparation for the 2015-2017 commercial launch of FCEVs. As mentioned earlier, the state has the world's first tri-generation fuel cell and hydrogen energy station that uses biogas. Most of the currently operating and planned hydrogen fueling stations are in California. A total of 51 stations are expected to be operational statewide by the end of 2015, up from the 21 public and private stations currently operating (ARB 2014). These stations are expected to have a total capacity of 9,400 kg of hydrogen per day (about 3,431 tonnes/year), a supply that could be provided in whole (and much more) by biogas-derived hydrogen (as seen in Figure 2 ). California has recently been the focus for introduction of the first mass-market FCEV, the Hyundai Tucson, and rollout announcements from Toyota and Honda. About 125 FCEVs are currently registered with the California DMV; projections are that the fleet will grow to 6,650 by the end of 2017 (ARB 2014). Figure 3 illustrates the hydrogen potential from biogas by county in California (based on Saur and Milbrandt [2014] ) and its relation to existing and planned hydrogen fueling stations. As can be seen, the counties with highest hydrogen potential from biogas either overlap or are in close proximity to the two existing hydrogen station clusters in the state: South San Francisco/Berkeley and greater Los Angeles area (Santa Monica/West Los Angeles, Torrance, and Irvine/Southern Orange County). This proximity could ensure domestic supply of renewable hydrogen fuel, aid compliance with the state's clean energy policies, and further the development of hydrogen industry in the area. California is already the nation's front runner in biogas utilization projects (primarily onsite power generation); thus, there is potential for synergies with hydrogen production. However, despite the numerous projects, biogas remains underutilized, which provides an opportunity for expansion of biogas utilization through hydrogen fuel production. For example, there are over 1,700 dairy farms in California, of which about half are considered good candidates for biogas projects, but only 11 currently capture biogas (Amon et al. 2011; EPA 2011; ARB 2013) . 
Supply Curves and Production Cost
This analysis uses the Scenario Evaluation, Regionalization & Analysis (SERA) model. SERA is a geospatially and temporally oriented infrastructure analysis model that uses resource availability and technology cost to determine optimal hydrogen production and delivery scenarios (OpenEI 2014). It supports the study of hydrogen infrastructure build-out and endgame scenarios and can be used to develop regional supply curves based on optimization results.
Production costs and supply curves are provided for biomethane and two hydrogen scenarios: (i) hydrogen produced from biomethane using SMR technology and (ii) hydrogen produced from biomethane via fuel cells. These estimates include methane supply from landfills, WWTPs, and livestock operations. Production costs and supply curves for biomethane and biomethane-derived hydrogen from landfills and WWTPs are provided at point locations and at a national level, while those related to biomethane and biomethane-derived hydrogen from animal manure are estimated at national level due to lack of detailed information about individual livestock operations (e.g., size, number of animals, and digester type) below that level.
Biomethane
The quantity of methane potentially available from landfills and WWTPs for hydrogen production is derived from Saur and Milbrandt (2014) and illustrated in Figure 4 . Note that this estimate assumes that anaerobic digesters are present or would be present at WWTPs (since data sources are insufficiently detailed to distinguish sites where anaerobic digesters are or could be implemented). The landfills tend to be a much larger potential source of methane, but there are fewer landfills than there are WWTPs. Quantities of methane potentially available at livestock operations are taken from Murray et al. (2014) , but are not shown on the map below due to lack of site-specific information. The production costs of methane from landfills, WWTPs, and livestock operations are estimated using the methodology outlined in Murray et al. (2014) and Vegh (2014) , which includes recovery, upgrading, and purification, and they are shown in Table 2 through Table 4 . In general, because of the wide variety in resource quality and accessibility, there is considerable uncertainty and subjectivity involved in estimating methane extraction costs from biogas sources; this report relies on costs derived from Murray et al. (2014) and Vegh (2014) and does not undertake a comprehensive first principles analysis of costs or a synthesis of all available literature on the subject. The methane production costs are shown for various landfill and WWTP sizes, as well as livestock operation sizes and digester type. The costs in Table 2 through Table 4 vary with facility size due to economies of scale, the granularity of unit operations, and diminishing returns. Figure 5 illustrates the result of applying these costs to the resource locations and sizes. It highlights that the lowest-cost methane is available at large landfills. When the methane cost and quantity data are summarized at the national scale, we arrive at the supply curves show in Figure 6 . These cost curves are derived by applying costs in Table 2 through Table 4 to the inventory of landfills, wastewater treatment plants, and liverstock operations. The costs include a $1.20/mmBtu tariff for distribution of the methane via existing natural gas pipeline infrastructure, which roughly accounts for the integration of the biomethane within the natural gas pipeline system Murray et al. (2014) , and assume that anaerobic digesters are already present at WWTPs (Murray et al. 2014) . The overall results show that landfills and WWTPs dominate the low-cost supply of methane, but that there is an appreciable amount of moderate-cost methane from livestock operations. 
Figure 5. Methane production cost from biogas at landfills and WWTPs
Note: The methane production cost includes a $1.20/mmBtu tariff for distribution of the methane via existing natural gas pipelines and assumes that anaerobic digesters are already present at WWTPs. Note: The methane production cost includes a $1.20/mmBtu tariff for distribution of the methane via existing natural gas pipelines and assumes that anaerobic digesters are already present at WWTPs.
Hydrogen from Biomethane Using SMR Technology
The quantity of hydrogen that could be produced from landfill-and WWTP-derived biomethane is taken from Saur and Milbrandt (2014) and displayed in Figure 7 (as noted earlier in this report, point-specific data on livestock operations is not available thus we are unable to estimate biogas potential at a finer geographic scale.) Similar to the biomethane distribution (Figure 4 ), landfills are a much larger potential source of hydrogen, but there are fewer landfills than there are WWTPs. Hydrogen production costs from biomethane using SMR are estimated using inputs from the Department of Energy's H2A Production Models for current-year central and forecourt SMR with plant-size scaling (U.S. DOE 2014), with the addition of the methane production costs in Tables 2 through 4 , but without the $1.20/mmBtu tarrif mentioned in the previous section, since the biogas is not delivered into the natural gas pipeline system. These assumptions are illustrated in Table 5 : the production costs (not the dispensing costs) from both the centralized and forecourt H2A production models were used, within their scaling range, and beyond that scaling range, multiple units production were used, and the choice of central vs. forecourt production was made on the basis of lowest cost at a particular facility size. The wide range of costs at point of production is shown in Figure 8 and Figure 9 . The cost of hydrogen produced via SMR from biogas at landfills is low at most locations. This is primarily due to economies of scale available at landfills with a large biogas resource. The cost of hydrogen produced via SMR from biogas at large WWTPs is also low, but varies substantially among smaller facilities due to the minimal resource available at those smaller facilities, and the greater cost of processing at smaller facilities. The integration of the production costs and quantity data for hydrogen from biomethane using SMR, and summarizing them at a national level, results in the supply curve depicted in Figure 10 . The overall results are similar to those for biomethane: landfills and WWTPs dominate the low-cost supply of hydrogen, but there is an appreciable amount of moderate-cost hydrogen from livestock operations (because the livestock-derived biogas resource data does not represent individual facilities, the livestock cost curve in Figure 10 only has a few points and starts at a higher initial quantity than the other cost curves). Because additional costs would be incurred in delivering the hydrogen to demand centers, we also estimate (using a linear interpolation of delivery costs in Table 6 , which represent the lowest cost among gaseous truck, liquid truck, pipeline, or rail transport) a delivered cost of the hydrogen to the nearest of the 25 largest urban areas (Figure 11 ). The transportation distances are approximate and simply represent a straight-line connection rather than a network. The transportation costs include all of the H2A delivery component costs relevant to the delivery pathway. The results of this analysis illustrate that low delivery costs of hydrogen produced from biogas are possible in all urban areas. However, cities in the eastern states and along coastal areas have a larger access to nearby biogas sources, which is no surprise given that landfills and WWTPs are generally located near population centers, and that contributes to low delivery costs. On the other hand, the biogas sources in central states are more spread out and there are fewer urban areas, which increases hydrogen delivery costs. Given that livestock operations are primarily concentrated in the Midwest, it is expected that the urban areas in that region would have additional sources of biogas-derived hydrogen delivered at low costs; however, the livestock resource is not displayed on Figure 11 because the resource data we use does not have geographic specificity. The biogas-derived hydrogen supply curves at these points of delivery (25 largest urban areas) are as shown in Figure 12 . At a given cost, hydrogen availability is substantially lower than in Figure 10 . The only exceptions are large cities which can avail themselves of hydrogen produced at nearby landfills ( Figure 13 , comparing combined production and delivery costs as supply curves for major urban areas). 
Hydrogen from Biomethane via Fuel Cells
The estimation of hydrogen production via fuel cells follows the methodology in the previous section, except that the H2A fuel-cell-power model provides the cost of conversion from biogasto-hydrogen (Steward et al. 2013; U.S. DOE 2014) . However, tri-generation (combined heat, hydrogen, and power [CHHP]) from molten carbonate systems are more complex than SMR systems in that the former can be tuned to adjust the output of electricity, heat, or hydrogen. For the purposes of this analysis, we assume an overall system efficiency of 65%, where 80% of the system output appears in the form of hydrogen and the other 20% is in the form of heat and electricity (co-product sales are valued at the H2A default prices). It should be noted that a typical CHHP system usually operates at a significantly lower fraction of system output producing hydrogen, but for the purposes of this analysis, we consider a CHHP system that is operated toward maximizing its hydrogen output. This results in an overall conversion of each mmBtu of biomethane into 4.57 kg of hydrogen. Figure 14 illustrates the spatial pattern of fuelcell-based hydrogen, which is very similar to SMR in Figure 7 since both are based on the identical underlying resource.
The cost profiles from the detailed H2A fuel-cell-power model were first abstracted into a regression model, where the fuel cell system is assumed to cost $3,500/kW and the tariff for industrial electricity is $0.06/kWh. Table 7 shows the resulting cost assumptions used in our geographic analysis. Because of the differing economies of scale, the CHHP costs are lower than SMR for sites with smaller biogas resource (producing approximately less than 175 kg of hydrogen per day), but higher for sites with larger resource. Figure 15 and Figure 16 display the cost distribution for fuel-cell-based hydrogen, for landfills and WWTPs, respectively, and Figure  17 through Figure 19 display the supply curves for production and delivery nationally, as well as city-specific delivery. It is evident that the fuel-cell-based hydrogen production has less overall resource at low cost than hydrogen produced via SMR and somewhat higher (by about $1.5/kg) cost for that resource; this is due to the lower overall conversion rate for CHHP and the higher cost for CHHP conversion. 
Combined National Supply Curves for Hydrogen from Biomethane
Figure 20 summarizes the estimate of SMR-and CHHP-based hydrogen from biogas. As mentioned previously, tri-generation yields a somewhat smaller hydrogen resource at a somewhat greater cost than does SMR, but it is important to remember that CHHP embodies considerably more flexible operation and potential economic benefits. The additional cost of delivering the resource from the point of production to the nearest large urban area typically increases the overall cost by several dollars per kilogram of hydrogen. 
Production Cost Comparison
Typical costs for other hydrogen production pathways using future technologies generally lie in the $2-6/kg range (Figure 21 ), which is comparable to the production costs on the biogas cost curve up to about 7 million kg of hydrogen per day (Figure 20 ). Once delivery costs are accounted for, however, biogas-derived hydrogen only falls in that range when production is less than about 1 million kg of hydrogen per day, and only for SMR-derived hydrogen. The CHHP economies of scale are generally not favorable enough to produce significant quantities of hydrogen at less than $6 per kg of hydrogen. However, more geographically detailed analysis, based on more accurate site-specific resource assessment, may reveal niche cases where biogasderived hydrogen can be produced and delivered at lower cost than other technologies.
CSD -compression, storage, and dispensing; CCS -carbon capture and storage 
Discussion
Supply curves uncertainty. The cost and quantity estimates in the foregoing sections are highly uncertain because they ignore the specific characteristics of individual biogas resource sites and because they rely on production and cost models that make simplifying assumptions. The most prominent sources of uncertainty are:
1. The assumption that anaerobic digesters could be present at particular WWTPs 2. Assumed efficiencies of the biogas production or cleanup technologies at landfills, WWTPs, and livestock operations Biogas (and biomethane) estimates vary widely thus we consider our supply curves to be very preliminary. We used biomethane values for landfills and WWTP from Saur and Milbrandt (2014) because they are at a finer geographic resolution (point location) than the national level values in Murray et al. (2014) and thus allowing for a more detailed, site-specific analysis. Data for livestock operations is available at county level from Saur and Milbrandt (2014) but its structure did not have the attributes needed for the supply curve analysis (e.g. size of facility, number of animals, etc.) thus we used the national data from Murray et al. (2014) which has all attributes needed. While the biomethane estimates for WWTP are relatively close in both studies (481 billion BTU/day in Murray et al. (2014) and 338 billion BTU/day in Saur and Milbrandt (2014) ), the biomethane estimates for landfills and livestock operations are very different. Saur and Milbrandt (2014) estimated about 1,528 billion BTU/day of biomethane from landfills while Murray et al. (2014) estimated about 2,146 billion BTU/day. Saur and Milbrandt (2014) estimated about 275 billion BTU/day of biomethane from livestock operations while Murray et al. (2014) estimated significantly more resource -about 5,489 billion BTU/day. The difference in the biomethane estimates is due to different data sources (national vs. county vs. site-specific) and methodology applied. Often, more resources are reported at national level (hence larger quantity in Murray et al. (2014) ), less at state and county level (due to gaps in reporting), and even lesser amounts at point location (significant data gaps).
Overall, it is likely that the cost curves presented here could have at least a 50% uncertainty in quantity and a 50% uncertainty in cost. Unfortunately, reducing these uncertainties would require a much higher-resolution inventory of potential biogas production sites and far more detailed site-specific inputs to cost models than are currently available.
Biogas production from crop residues and dedicated energy crops. As mentioned earlier, biogas can also be produced from crop residues and energy crops via "dry" fermentation and codigestion with other liquid waste material. However, due to limited technological and cost data, supply curves for these biogas-to-hydrogen production pathways were not included in this study. Below is a brief description of these processes.
The dry fermentation process allows biogas production from organic matter with high dry matter content (up to 50 %) as opposed to the "wet" fermentation process of liquid material (e.g., animal manure and sewage sludge/biosolids containing sufficient water) used widely today. Dry fermentation is a relatively new method of biogas generation and thus, there are a small number of plants worldwide. Most of the plants are located in Germany, where commercially viable dry fermentation technology and processes have been developed and patented, but there are a few plants reported in Japan and Africa (Dryfermentation.com 2014). In November 2013, the world's largest dry fermentation facility and the first large-scale commercial facility of its kind in the United States opened near San Jose, California (Zero Waste Energy 2013). The facility will process an estimated 90,000 tons per year of commercial organic waste that would otherwise go to landfill, converting it to 1.6 MW of renewable energy and 32,000 tons compost. The dry fermentation technology is receiving a lot of attention due to estimated higher biogas yield of crop residues and energy crops in comparison with animal manure. For example, corn stover is estimated to yield about 202m 3 of biogas per tonne of fresh matter (t FM) whereas biogas yield from cattle manure is about 45m 3 /t FM (Bassam 2010).
Co-digestion refers to the AD of multiple biodegradable substrates (feedstocks) in a digester system. Co-digestion can provide a better nutrient balance and therefore better digester performance and higher biogas yields (Wu 2007) . Typically, sewage sludge and animal manure are used as the base substrate, which is mixed and digested together with small amounts of additional, higher-yielding substrate (e.g., food waste, FOG, crop residues) to maximize the biogas production. In addition to diverting food waste and FOG from landfills and public sewer lines, these high-energy materials have at least three times the methane (biogas) production potential than sewage sludge/biosolids and manure (EPA 2014). Increasingly, crop residues are fed together with animal manure in order to keep homogenous fermentation conditions and achieve higher biogas yield.
Conclusions
Despite projected significant hydrogen potential from biogas, its utilization is yet to be fully realized. As of summer 2014, only one demo plant is producing hydrogen to power fuel cell vehicles. California is emerging as a key area in the biogas-to-hydrogen market. Not only does the state have the highest hydrogen potential from biogas, but it also has existing infrastructure and favorable policies to support further development of this industry.
Our cost and supply analysis of biogas-to-hydrogen production via SMR indicates that landfills and WWTPs dominate the low-cost supply of hydrogen, but that there is an appreciable amount of moderate-cost hydrogen from livestock operations. Tri-generation yields a somewhat smaller hydrogen resource at a somewhat greater cost than does SMR. It is expected that, as more fuel cells come online, their cost will go down, which will have a positive effect on the economics of tri-generation systems.
Regarding the market potential, our analysis suggests that at $5/kg (delivered cost) landfills can provide about 150 million kg of hydrogen per year and WWTPs can provide about 68 million kg of hydrogen per year. The annual amount of hydrogen that could be delivered at $10/kg grows to about 628 million kg from landfills and 326 million kg from WWTPs. To put this potential in perspective, the FCEV Emphasis scenario in a National Academies report (NRC 2013) projects hydrogen demand for FCEVs in 2030 at about 7.3 billion kg (equal to about 8% of fuel demand from the future US light duty vehicle fleet in that scenario) thus landfills and WWTPs can provide between 3% and 13% of that demand at $5/kg and $10/kg respectively. Livestock operations can provide additional hydrogen supply, as well as other biogas sources not examined here (e.g. crop residues).
Production costs of hydrogen from biogas are generally comparable with those of other hydrogen production pathways (e.g., natural gas SMR, coal gasification, biomass gasification, and wind electrolysis) in the $2-6/kg range. However, once delivery costs are accounted for, biogasderived hydrogen only falls in that range when production is less than about 1million kg of hydrogen per day, and only for SMR-derived hydrogen.
Despite the considerable uncertainty associated with the supply curve and production cost estimates, this study serves as a general reference and a placeholder until a more comprehensive study with much greater detail is completed. Future work could focus on the market potential for other biogas sources not included here (e.g. crop residues) or examine the biogas-to-hydrogen market potential in select regions to obtain detailed resource and cost data that could support indepth feasibility studies.
